Cetyltrimethylammonium bromide (CTAB) and (11-mercaptoundecyl)tetra(ethylene glycol) (PEG-SH) capped gold nanorods were prepared and dispersed in water and dimethyl sulfoxide (DMSO). Transmission electron microscopy images reveal that changing the solvent from water to DMSO cause that nanoparticles tend to organize (PEG-SH ligand) or aggregate (CTAB ligand). UV-vis absorbance spectra reveal that ligand as well as solvent exchange cause positive solvatochromic shifts and changes in the relative extinction values. After the transfer of nanorods from a solvent of lower to higher refraction index a red shift of the longitudinal surface plasmon resonance band is observed. This effect is more pronounced in the case of PEG-SH capped nanorods. Time resolved pump-probe measurements revealed that both ligand and solvent exchange influence the excited state relaxation times, however, a more pronounced change is induced by the ligand exchange. Two-photon excited fluorescence spectra of PEG-SH covered nanorods showed a slight intensity increase when moving from water to DMSO solvent.
Introduction
Influence of solvent on the UV-vis absorption spectra of organic molecules has been known for more than a century [1] . The term "solvatochromism" describes a modification of the position, intensity and sometimes the shape of the UV-vis absorption bands induced by the change in the polarity of the environment [1] . However, this definition has become broader recently, as it started to include new types of the environment such as ionic liquids [1] [2] [3] , new areas of spectroscopy like fluorescence [4] , two-photon absorption and two-photon fluorescence [5] , and a broad range of materials including a variety of nanoparticles [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Nowadays, nanomaterials attract much attention from both fundamental scientists and engineers, due to their interesting properties and potential applications. Among the most promising nanoparticle varieties are the noble metal ones like e.g. gold nanorods (NRs), which are the focus of the present work. Their unique optical features are mainly due to the surface plasmon resonance (SPR) enhanced light scattering and absorption [21, 22] . While other shapes of plasmonic nanoparticles are also intensely studied, NRs have gained a significant interest due to their characteristic optical properties and have been investigated in the different contexts including both fundamental and application approaches [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . They are promising as materials useful for areas such as biosensing [26, 30, 31] , two-photon imaging [32, 33] , gene and drug delivery [34, 35] and photothermal and photodynamic therapies [36, 37] .
In this work we focus on the solvent effects on the optical properties of NRs. This approach was previously taken by Chen et al. [12] and Zhao et al. [13] . Chen et al. have prepared the NRs stabilized with CTAB and dispersed them in water-glycerol liquid mixtures of various volume ratios. They have reported a red shift of the longitudinal surface plasmon (l-SPR) peak with the increasing amount of glycerol [12] . Zhao et al. have prepared a colloidal solution of the NRs covered by PEG-SH and transferred them to different organic solvents. They have reported the quenching phenomena of two-photon photoluminescence when the NRs were dispersed in organic solvents compared to the water colloids. In their opinion the described effect was caused by electron transfer from electron-donating solvents to the excited NRs. Additionally, they performed transient absorption pumpprobe measurements of the colloidal solution of the NRs in water and two organic solvents -diethylene glycol (DEG) and dimethylformamide (DMF). As a result, they have detected a different decay behaviour of the NRs in water and other solvents [13] .
Although there have been pioneering works reporting the solvent effects on the NRs [12, 13] , this highly interesting topic is still not sufficiently explored. In the present work we report on the solvent effects on optical properties of colloidal NRs covered by PEG-SH (PEG-SH@NRs) and CTAB (CTAB@NRs) dispersed in water and DMSO. On the basis of UV-vis and twophoton excited fluorescence (TPEF) spectra as well as ultrafast time-resolved pump-probe transmission measurements we present the analysis of the influence of the surfactant and solvent on the optical properties of the NRs.
Material and methods
Gold(III) chloride trihydrate (HAuCl 4 · 3H 2 O), sodium borohydride (NaBH 4 ), ascorbic acid, silver nitrate (AgNO 3 ), CTAB, PEG-SH, and DMSO were purchased at Sigma Aldrich and used as received. The NRs were synthesised according to the procedure introduced by Sau and Murphy [38] . First, a solution of the seed nanoparticles (spherical, 3.5 nm diameter) was prepared through the reduction of gold(III) chloride trihydrate by sodium borohydride (reduction of Au 3+ to Au 0 ) and CTAB was used as a capping agent. This step was followed by the growth procedure, in which the gold salt was reduced by ascorbic acid in the presence of CTAB micelles. In order to obtain an appropriate aspect ratio of the NRs, a suitable concentration of silver nitrate was added to the reaction mixture. The reaction was performed for 1.5 h at 29
• C. As the next step, the growth solution was transferred into centrifuge tubes and centrifuged twice at 10 kRCF for 20 min. Finally, the solution of NRs capped by CTAB was resuspended in 10 mL of water. In order to exchange the CTAB ligand by PEG-SH, 200 µL of freshly prepared nanorods was mixed with 1 µL of 10 µM PEG-SH and left overnight on a shaker. The obtained solution was centrifuged twice at 6.4 kRCF for 15 min and then dispersed in water and DMSO. For comparison, a second batch of CTAB capped nanoparticles was prepared, which, after centrifugation, were directly dispersed in the selected solvents (without modification by the PEG-SH ligand).
Experimental
Transmission electron microscopy (TEM) images were taken by a high-resolution FEI Tecnai G 2 20 X-TWIN TEM microscope, equipped with LaB 6 electron gun cathode and CCD FEI Eagle 2K camera. The accelerating voltage was 200 kV. Images were taken for the CTAB and PEG-SH covered NRs. Samples were prepared in water and DMSO, 20 µL of each colloidal solution was placed on a separate TEM grid and left to dry. After solvents evaporated the samples were studied sequentially under the microscope in the same way. UV-vis extinction spectra were measured in 10 mm quartz cells (Hellma) using a Jasco V-670 spectrophotometer. Twophoton excited fluorescence spectra were recorded using a femtosecond Quantronix Integra-C regenerative amplifier. The laser generates ≈ 130 fs pulses at a repetition rate of 1 kHz. The excitation wavelength was 800 nm. The laser beam was attenuated using neutral density filters and directed onto the sample mounted in an Ocean Optics CUV-FL-DA Cuvette Holder. The emission signal was collected at the direction perpendicular to the excitation. A short-pass glass filter with a cutoff at ≈ 750 nm was put between the sample and the detecting system. The output emission signal was coupled into an optical fibre and sent to an Ocean Optics USB2000 + CCD spectrograph. The obtained data were transferred to a computer equipped with the Ocean Optics dedicated software. Ultrafast transient absorption pump-probe measurements were performed on the NRs suspensions in 1 mm glass cuvettes. For those measurements the 800 nm pulses from the Integra-C were fed into a Quantronix Palitra optical parametric amplifier (OPA) that converted them into 960 nm at a pulse width of ≈ 130 fs (the pulse width was measured in the same pump-probe measurement setup, by replacing the sample with a BBO crystal and analysing the autocorrelation signal). In order to obtain the pumping and probing beams, the output beam from the OPA was split into two. The pumping beam was directed to a motorized delay line and focused on the sample (lens focal length 50 mm), whereas the probe beam was attenuated by neutral density filters and also focused on the sample. Both beams were overlapped in the sample volume. Shortening of the pump beam optical path was leading to the increase of the probeto-pump delay time giving a possibility to obtain timeresolved data. Changes of the pump beam power passing through the sample were detected by a photodiode connected to a lock-in amplifier (signal recovery). In order to synchronize the lock-in amplifier the pump beam was chopped at the frequency of 165 Hz. Determination of the excited states decay times was performed by theoretical calculations based on the convolution of the pump and probe pulses and taking into account variable delay times. The best fits of the theoretical decay curves to the experimental results have been achieved assuming a double-exponential decay model.
Results and discussion
The NRs investigated in this work were covered by two types of ligands: CTAB and PEG-SH. Both types of nanomaterial were transferred to water and DMSO. As it can be seen in Fig. 1c and d , the PEG-SH capped NRs are well dispersed in both solvents, however, in water the NRs are distributed randomly, whereas in DMSO one can see some indications of self-organization. One can notice clusters, in which the NRs are arranged mutually parallel. In the case of the NRs covered by CTAB (Fig. 1a  and b) , in water the TEM images show that NRs are also dispersed. In the case of CTAB@NRs in DMSO one can see the tendency to create bigger groups composed of nanoparticles, which indicates a tendency of aggregation. It was reported before that the layer of CTAB can be destroyed by interaction with the organic solvent [13] which can be believed to be the main reason of aggregation process. Solutions of PEG-SH@NRs in water and DMSO as well as CTAB@NRs in water were clear and violet, while the solution of CTAB@NRs in DMSO was blue, yet still clear. All above, together with the absorption bands presented in Fig. 2 , leads to the conclusion that only in the case of CTAB capped NRs in DMSO there exists a probability of nanoparticles aggregation. Figure 2 presents the extinction spectra for four cases providing the comparison for the same ligand and two different solvents (Fig. 2a and b) and comparison for the same solvent, but different ligands ( Fig. 2c and d) . As it can be seen, in all cases the spectra maintain the features typical for the NRs, that is, there are two absorption bands (containing also scattering contributions) arising from transverse and longitudinal surface plasmon resonance. However, in the case of CTAB capped NRs in DMSO the l-SPR band is significantly suppressed and broadened compared to the CTAB@NRs in water, which can be an additional indication of an aggregation process. Both the ligand and solvent exchange cause l-SPR absorption band shifts (cf. Fig. 2 and Table I ). Upon the solvent refraction index increase (n water = 1.3330 [1] ; n DMSO = 1.4793 [1] ), a significant red shift of the l-SPR band for both CTAB@NRs and PEG-SH@NRs, of 43 and 53 nm, respectively, is observed. This fact is consistent with the previous reports that the l-SPR band is highly sensitive to the refractive index of the surrounding media [13, 39, 40] . Additionally, the red shift of l-SPR related to the ligand exchange was observed. The value of the red shift between CTAB@NRs and PEG-SH@NRs is approximately 10 nm in water and 19 nm in DMSO. This fact can be related to the slight differences in refractive indices of the investigated surfactants (n CTAB = 1.435 [31] , n PEG−SH = 1.475 [41]), which causes decrease of the plasmon energy [42] . Time resolved pump-probe measurement data obtained for the investigated samples are presented in Fig. 3 and in Table I . This type of experiment enables observation of the optical response of the investigated material after excitation with ultrashort laser pulses. According to the literature, during the measurements the pump pulse excites the electrons and heats the electron gas to high temperatures. At the beginning of the process a nonFermi electron distribution is created, reaching an internal thermal equilibrium through the electron-electron scattering (time scale ≈ 100 fs). Then the electron gas is cooled by electron-phonon interactions (time scale of a few ps) until the temperatures of the electron gas and lattice are equal. The last stage is the phonon-phonon (time scale of tens to hundreds of ps) interactions with the surrounding medium and complete relaxation of the absorbed energy [13, 22] . Due to the time scale of the electron-electron scattering in our measurements, this process was not properly resolved, however the two other processes were registered.
Data were obtained using the same wavelength (960 nm) for pump and probe. The time constant describing the electron-phonon interactions (τ 1 ) was in the range of 5.28-6.80 ps. The highest value was observed in the case of CTAB@NRs in water, whereas the shortest one was registered for CTAB@NRs in DMSO. A more pronounced change was observed in the case of the second time constant (τ 2 ) when exchanging the ligands from CTAB to PEG-SH. The values changed from 105.99 ps and 107.31 ps obtained for CTAB@NRs in water and DMSO, respectively to 841.62 ps for PEG-SH@NRs in water and 824.57 ps in the case of PEG-SH@NRs in DMSO.
This situation is depicted in Fig. 3 . Interestingly, no significant difference was observed between the nanorods in water and DMSO (for both CTAB and PEG-SH). This is in contrast with the data obtained by Zhao et al. [13] . They, indeed, have observed long time constants for PEG-SH capped NRs but only in the organic solvents (DMF and DEG), whereas in water such a long time constant was absent. They have explained the existence of the long time constants in the organic solvents, as a result of formation of charge-transfer complex between Au NRs and the DMF solvent possessing the lone pair of electrons. When the nanorods are photoexcited, the electrons are promoted to the sp band and form a hole in the d band. The created hole can be filled by electrons from the DMF solvent. In the pump-probe measurements they observed the temporal evolution of the charge separation and recombination processes [13] . However, no explanation was given why a similar process was absent in water. In our measurements we have observed the long time constant for PEG-SH@NRs both in water and DMSO. As both mentioned solvents have lone pairs of electrons, there is a possibility that we could have observed a similar process in both solvents. The long time constant was not detected in the case of CTAB@NRs both in water and DMSO, pointing out that processes described for PEG-SH@NRs are absent here. Concluding, our results indicate that the presence of the long time constant can be related to the ligand exchange rather than to solvent-induced processes.
We have also investigated the solvent effect on twophoton excited fluorescence of PEG-SH covered NRs on the basis of their TPEF spectra in water and DMSO. The obtained results are presented in Fig. 4a and c . In order to exclude the possibility of white light continuum generation effect in the solvent and cuvettes, we have compared the obtained results with those in pure solvents and limited the excitation intensity accordingly. The obtained emission spectra are broad, placed in the visible range and do not exhibit any fine structure, which is consistent with a previous report [13] . In this research we have observed an emission intensity increase when transferring the nanorods from water to DMSO. This increase is also inconsistent with data reported by Zhao et al., who observed a two-photon photoluminescence quenching related to the previously described non-radiative recombination of electron-hole pairs [13] . As it was mentioned before, intensities of the observed emission are very low, therefore we can suppose that we have observed a similar quenching process in both solvents, however with slightly different efficiencies. In order to explain the details and confirm this possibility further research is required in the future. 
Conclusions
In this work we have reported the preparation of CTAB and PEG-SH capped NRs dispersed in water and DMSO solvents. Except for CTAB@NRs in DMSO, the samples were well dispersed and showed no signs of aggregation. We have observed a red shift of the l-SPR band in the UV-vis absorption spectra with the increase of the solvent index of refraction. Moreover, we have observed red shift of the l-SPR when the ligand was exchanged from CTAB to PEG-SH, which was also assigned to the change of the refraction index of the surrounding medium. Time resolved pump-probe measurements were performed resulting in a conclusion that a change of surfactant from CTAB to PEG-SH prolongs the duration of the second time constant for the absorbance change decay, whereas changing the solvent did not cause any significant alteration in the relaxation processes. We suppose that, in the case of PEG-SH@NRs, we could have observed the effect of non-radiative recombination of electron-hole pairs in both investigated solvents described by Zhao et al. [13] . We have confirmed this discrepancy by performing the TPEF measurements for PEG-SH@NRs in water and DMSO and did not observe any significant differences between emission in water and DMSO. We suppose that also the fluorescence quenching could be present in both solvents.
